Zebrafish Hox Paralogue Group 2 Genes Function Redundantly as Selector Genes to Pattern the Second Pharyngeal Arch  by Hunter, Michael P. & Prince, Victoria E.
Developmental Biology 247, 367–389 (2002)
doi:10.1006/dbio.2002.0701Zebrafish Hox Paralogue Group 2 Genes Function
Redundantly as Selector Genes to Pattern
the Second Pharyngeal Arch
Michael P. Hunter* and Victoria E. Prince† ,1
*Department of Molecular Genetics and Cell Biology, and †Department of Organismal Biology
and Anatomy and The Committees on Developmental Biology, Genetics, Neurobiology and
Evolutionary Biology, The University of Chicago, 1027 E. 57th Street, Chicago, Illinois 60637
The pharyngeal arches are one of the defining features of the vertebrates, with the first arch forming the mandibles of the
jaw and the second forming jaw support structures. The cartilaginous elements of each arch are formed from separate
migratory neural crest cell streams, which derive from the dorsal aspect of the neural tube. The second and more posterior
crest streams are characterized by specific Hox gene expression. The zebrafish has a larger overall number of Hox genes than
the tetrapod vertebrates, as the result of a duplication event in its lineage. However, in both zebrafish and mouse, there are
just two members of Hox paralogue group 2 (PG2): Hoxa2 and Hoxb2. Here, we show that morpholino-mediated
“knock-down” of both zebrafish Hox PG2 genes results in major defects in second pharyngeal arch cartilages, involving
replacement of ventral elements with a mirror-image duplication of first arch structures, and accompanying changes to
pharyngeal musculature. In the mouse, null mutants of Hoxa2 have revealed that this single Hox gene is required for normal
second arch patterning. By contrast, loss-of-function of either zebrafish Hox PG2 gene individually has no phenotypic
consequence, showing that these two genes function redundantly to confer proper pattern to the second pharyngeal arch. We
have also used hoxb1a mis-expression to induce localized ectopic expression of zebrafish Hox PG2 genes in the first arch;
using this strategy, we find that ectopic expression of either Hox PG2 gene can confer second arch identity onto first arch
structures, suggesting that the zebrafish Hox PG2 genes act as “selector genes.” © 2002 Elsevier Science (USA)
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cartilage.INTRODUCTION
The jawed vertebrates are characterized by their elabo-
rated pharyngeal structures, which have allowed them to
exploit a variety of feeding strategies. Although the basic
elements of each pharyngeal arch are equivalent, there are
distinct specializations such that the first (mandibular) arch
forms the lower jaw, and the second (hyoid) arch its sup-
porting structures. In mammals, the more posterior arches
contribute to throat elements, while in fishes, they form
the gill arches. Although the details of arch-derived struc-
tures vary in different vertebrate species, the elements can
be homologized across all vertebrate groups (reviewed by
Schilling, 1997).
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pharyngeal arches form from cranial neural crest cells,
which migrate out of the dorsal aspect of the midbrain and
hindbrain in three distinct streams to populate the first,
second, and more posterior arches, respectively. The regis-
tration of these streams with later elements is maintained
as development progresses (Koentges and Lumsden, 1996).
The cranial crest streams arise from specific anteroposterior
(AP) levels of the mid- and hindbrain (Lumsden et al., 1991;
Schilling and Kimmel, 1994); the hindbrain itself is subdi-
vided into a transient array of at least seven segments
(rhombomeres) along its AP extent (reviewed by Lumsden
and Krumlauf, 1996). Regional identity is thought to be
imparted to both rhombomeres and pharyngeal arch neural
crest by expression of specific Hox genes (Lumsden and
Krumlauf, 1996; Hunt et al., 1991a,b).Hox genes are implicated in specifying regional identity
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along the AP axis during development of all bilaterian
embryos. Mouse and human have 39 Hox genes arranged in
four clusters, A–D, that lie on four separate chromosomes
(reviewed by McGinnis and Krumlauf, 1992). This organi-
zation probably reflects duplication events in the lineage
leading to vertebrates, as invertebrates, including the
cephalochordate amphioxus, have only a single cluster of
Hox genes (de Rosa et al., 1999; Garcia-Fernandez and
Holland, 1996). A further duplication event is believed to
have occurred in the lineage leading to the teleost zebrafish,
subsequent to the divergence of the ray-finned and lobe-
finned fishes about 400 million years ago. This has resulted
in a 7-Hox cluster organization for zebrafish (Danio rerio),
with a minimum of 48 Hox genes compared to the 39
described for mouse and human (Amores et al., 1998; Fig. 1).
Thus, many secondary losses of duplicated genes have
occurred, including loss of an entire cluster.
Hox genes tend to show colinear expression patterns:
their locations within the clusters reflect their expression
domains along the AP extent of the embryo. Thus, the more
3 genes have more anterior limits of expression, such that
in the vertebrates, the 3 genes are expressed in specific
subdomains of the hindbrain and cranial neural crest, while
the 5 genes have progressively more posterior expression
limits. In zebrafish, colinearity is generally conserved
(Prince et al., 1998a,b), and despite the presence of more
Hox genes in the zebrafish, the expression patterns of
orthologous genes tend to be very similar in zebrafish and
mouse (Prince et al., 1998a,b). Many duplicate zebrafish
Hox genes have been lost from the genome, or have degen-
erated into pseudogenes (Amores et al., 1998). However, in
a few instances, duplicate zebrafish Hox genes have been
maintained. In the cases of hoxb5 and hoxb1, the retention
of both duplicates appears to have involved “subfunction-
alization” of the ancestral genes (Bruce et al., 2001; Mc-
Clintock et al., 2002). The subfunctionalization model
describes how complementary degenerative changes in the
regulatory elements of two duplicates can lead to both
genes being required to recapitulate the expression pattern
of the single ancestral gene (Force et al., 1999). In paralogue
groups where Hox gene complement and expression pat-
terns are equivalent for mouse and zebrafish, it seems likely
that gene functions are also equivalent; however, this
cannot be concluded in the absence of functional data.
Both mouse and zebrafish have just two genes in Hox
paralogue group (PG) 2: mouse Hoxa2 and Hoxb2, and
zebrafish hoxa2b and hoxb2a (for simplicity, these genes
will henceforth be referred to as hoxa2 and hoxb2; Fig. 1).
The general expression patterns of each of these two genes
are conserved between tetrapod vertebrates and the ze-
brafish. Thus, zebrafish hoxa2 has an anterior expression
limit in the hindbrain that reaches to the rhombomere (r)
1/2 boundary, plus expression in the r4-derived stream of
crest migrating into the second arch. However, there is no
expression in neural crest cells emanating from r2 to
populate the first arch (Prince et al., 1998b); this pattern is
precisely as described for Hoxa2 of chick, mouse, and
Xenopus (Prince and Lumsden, 1994; Frasch et al., 1995;
Pasqualetti et al., 2000). Similarly, the hoxb2 gene has an
anterior expression limit at the r2/3 boundary plus expres-
sion in second arch crest (Prince et al., 1998b), as described
in mouse (Wilkinson et al., 1989). The first arch is devoid of
Hox expression, while the third arch is characterized by
expression of PG3 genes (Prince et al., 1998b; Hunt et al.,
1991a,b; Manley and Capecchi, 1995).
In Drosophila, loss-of-function of Hox genes leads to
anteriorizing homeotic transformations, where the segment
that has lost expression of a particular Hox gene takes on
identity of the more anterior segment; gain-of-function
leads to reciprocal posteriorizing transformations. Func-
FIG. 1. Hox gene organization in mouse and zebrafish. There are four Hox clusters in mouse (A–D) and seven Hox clusters in the zebrafish.
The most 3 genes, in paralogue groups 1–4, are shown. Both mouse and zebrafish have two Hox paralogue group 2 (PG2) genes (red circles):
mouse Hoxa2 and Hoxb2, and zebrafish hoxa2b and hoxb2a (further referred to as hoxa2 and hoxb2, respectively).
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tional studies in mouse have revealed that this paradigm
can be extended to the vertebrates, yet results are often
complicated by the potential for redundant functions be-
tween paralogues (reviewed by Maconochie et al., 1996).
The Hoxa2 gene has been implicated in conferring second
arch pattern in the tetrapod vertebrates by both loss- and
FIG. 2. Whole-mount in situ hybridization analysis of zebrafish Hox PG2 gene expression. Embryos are shown with anterior to the left,
rhombomere number (r) is indicated. (A–C) hoxa2 expression. (A) At 30 hpf (dorsal view), hoxa2 is expressed in r2–r5 of the hindbrain, and
in neural crest cells, in the second and more posterior pharyngeal arches (pa2, pa3; arrows); ov, otic vesicle. (B) At 36 hpf (lateral view),
hoxa2 is expressed in pharyngeal arches 2–7. Arrowhead indicates ventral expression domain in the second arch; arrow indicates dorsal
expression domain in the second arch; asterisk indicates a few hoxa2-positive cells that may lie in the ventral ectoderm of the first arch.
(This embryo was bissected along the midline to show only the left-hand side.) (C) At 48 hpf (lateral view), expression is maintained in
arches 2–7; annotations as (B). At this stage, expression in the second arch is at high levels ventrally and lower levels dorsally. (D–F) hoxb2
expression. (D) At 30 hpf (dorsal view), hoxb2 is expressed in r3–r5 of the hindbrain, and in neural crest in the second arch (pa2, arrow). (E)
At 36 hpf (lateral view), expression is retained in r3–r5, and in second arch crest, hoxb2 is not expressed in the third or more posterior arches.
(Note that the expression that appears to lie anterior to r3 in the hindbrain represents out of focus second arch expression on the far side of the
embryo). (F) At 48 hpf (lateral view, slightly tilted to reveal the more ventral surface), hoxb2 expression is maintained in the second pharyngeal
arch. Expression is separated into a low level dorsal domain (arrow) and a high level ventral domain (arrowheads). Annotations as in (E).
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gain-of-function experiments. Thus, null mutants for
mouse Hoxa2 show a loss of normal second arch structures
and their replacement by a partial mirror-image duplication
of first arch structures (Rijli et al., 1993; Gendron-Maguire
et al., 1993). Conversely, ectopic anterior expression of
Hoxa2 in chick or frog leads to the formation of second arch
structures in place of normal first arch structures (Gram-
matopoulos et al., 2000; Pasqualetti et al., 2000). These
phenotypes can be interpreted as classic anteriorizing and
posteriorizing homeotic transformations, respectively, and
suggest that Hoxa2 acts as a selector gene to impart second
arch identity in the tetrapod vertebrates.
Indirect evidence suggests that PG2 Hox genes are also
involved in normal second arch patterning in the zebrafish.
In the valentino/ mutant, there are elevated levels of PG2
gene expression in neural crest cells migrating into the
third arch territory. Correlating with this, the third arch
structures show morphological changes that have been
interpreted as a partial transformation into a phenocopy of
second arch structures. Thus, the ventral component of the
third arch takes on morphological characteristics of the
ventral elements of the second arch, suggesting that PG2
genes may be capable of conferring aspects of second arch
identity (Moens et al., 1998; Prince et al., 1998a). In
addition, Pasqualetti et al. (2000) have shown that the
zebrafish hoxa2 gene can confer second arch identity to the
Xenopus first arch in mis-expression experiments.
Here, we show that the two zebrafish PG2 genes, hoxa2
and hoxb2, have redundant functions. When both Hox PG2
genes are knocked-down the second arch loses normal
structure, with the ventral cartilages being transformed
into a mirror-image phenocopy of the first arch. In recipro-
cal experiments, we show that either Hox PG2 gene can
confer second arch identity to first arch structures. In
contrast to the mouse, zebrafish hoxa2 is not required for
second arch patterning: presence of either hoxa2 or hoxb2 is
sufficient to confer second arch identity. Our results reveal
that, although zebrafish and mouse have equivalent
complements of Hox PG2 genes, the precise way in which
these two genes are utilized has evolved differently along
the teleost and tetrapod lineages.
MATERIALS AND METHODS
Isolation of Full-Length hoxa2 cDNA
The 5 end of hoxa2 plus the 5 untranslated region was isolated
by PCR from an 18-h postfertilization (hpf) cDNA library in lambda
Zap II (kindly provided by Bruce Appel) using primers within the
previously described 3 hoxa2 cDNA clone (Prince et al., 1998b) to
a T3 primer within the phage vector sequence. Full-length cDNA
was then generated by using Pwo proof reading Taq polymerase
(Boerhinger-Mannheim). The sequence was identical to that placed
on the database by Pasqualetti et al. (2000) (Accession No.
AF307010).
Morpholino Injections
Modified antisense oligos (“morpholinos”) were designed by
Gene Tools LLC to complement the translational start and 5
untranslated region of hoxa2 and hoxb2. The hoxb2 sequence has
been previously described (Yan et al., 1998; Accession No.
AF071568). The sequence to which the morpholino (MO) was
designed is underlined in each case; start of translation is in bold.
hoxa2. 5-TTTTTTTTAACCCGGCACGATATTTCATTAT-
ATCTTCCTTGAGTCACAAATTTGAGAGCGGCGAATTTGC-
AAGACTTGGAGGAGATGAATTACGAATTCGAGCGAGAG-
ACGGGTTT.
hoxb2. 5-AATTATTAAAGCCCGCAAATGCCGCCATAGC-
AGGAGCGCAAAATAAATCATAGCTTTTTGGATGTTATTTT-
TTGCGTGTGTTGGTGTCGCTGGACGCCCTTTTTGCCCAGG-
CGAAGCGATGAATTTTGAATTTGAGAGGGAGATTGGGTT.
The morpholinos, MOhoxa2 and MOhoxb2, were microinjected
(approximately 400 pl) at concentrations ranging from 2 to 10
mg/ml in phenol red buffer (0.25% Phenol Red, 120 mM KCl, 20
mM Hepes–NaOH, pH 7.5).
RNA Injections
Synthetic capped mRNAs were microinjected, alone or together,
with morpholinos, in phenol red buffer. mRNA was produced from
linearized DNA templates by using the Ambion Megascript Kit
according to manufacturer’s instructions. Coinjection experiments
of mRNA together with morpholinos were performed blind. Tem-
plates used were: pCS2hoxa2: a full-length zebrafish hoxa2 clone in
the pCS2 expression vector (Turner and Weintraub, 1994); and
pCS2hoxb1a: a full-length hoxb1a in the pCS2 expression vector
(McClintock et al., 2001).
In Vitro Translation
In vitro translation of synthetic mRNA was performed by using
Promega’s Rabbit reticulolysate system according to the manufac-
turer’s instructions. The following constructs were used to generate
capped, synthetic mRNAs: pCS2hoxb1a; pCS2hoxa2; pCS2hoxb2, a
full-length zebrafish hoxb2 clone in the pCS2 expression vector
(Yan et al., 1998). A total of 100 ng of each RNA (4  108 M) was
added to 5.25 l of lysate mix with [35S]Methionine, RNasin
(Promega), and amino acid mix (Promega), and was incubated at
30°C for 90 min in the presence or absence of an MO (40 M). The
translation products were electrophoresed through a 12% agarose
SDS–PAGE gel, and transferred to a membrane by standard meth-
ods. The membrane was exposed overnight to a Phosphor screen
(Molecular Dynamics Inc.) and processed in a Molecular Dynamics
PhosphorImager system; single protein bands of the expected sizes
were produced from each RNA. Relative protein amounts were
quantified by using the ImageQuant Program version 1.2 (Molecu-
lar Dynamics Inc.).
Alcian Staining
Five-day larvae were fixed in 4% paraformaldehyde in PBS
overnight at 4°C and then stained with Alcian dye to reveal
cartilage as previously described (Schilling and Kimmel, 1997).
In Situ Hybridization Analysis
In situ hybridization was performed as previously described
(Prince et al., 1998a). Embryos at 30, 36, and 48 hpf were treated
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with PTU from the 18-hpf stage to inhibit pigment formation. The
following in situ probes were used: hoxa2 (a full-length construct in
pBluescript), hoxb2 (Yan et al., 1998), krox-20 (Oxtoby and Jowett,
1993), dlx2 (Akimenko et al., 1994), gsc (Schulte-Merker et al.,
1994), and mariposa (Moens et al., 1996).
Whole-Mount Immunohistochemistry
Five-day larvae were processed for immunohistochemistry with
anti-myosin antibody (A4.1025; developed by H. Blau, and obtained
from the Developmental Studies Hybridoma Bank, University of
Iowa) as previously described (Schilling and Kimmel, 1997) and
then bleached in a 3% H2O2, 0.1% KOH solution to remove
pigment. Some larvae were then further processed for Alcian
staining without refixation. Larvae at 56 hpf were processed for
immunohistochemistry with Zn-5 antibody (obtained from the
Zebrafish International Resource Center at the University of Or-
egon) as previously described (Trevarrow et al., 1990; Schilling and
Kimmel, 1994).
RESULTS
Zebrafish hoxa2 and hoxb2 Are Expressed in
Neural Crest Cells during and after Their
Migration into the Second Pharyngeal Arch
We wished to investigate the roles of Hox PG2 genes in
pattern formation of the zebrafish pharyngeal arches. In
order to examine the spatial patterns of expression in the
arches, we extended previous analyses (Prince et al., 1998b;
Schilling et al., 2001) to the 48-hpf stage, to investigate
expression both during and after migration of neural crest
cells into the pharyngeal region. The hoxa2 gene has a
distinct anterior expression limit in the hindbrain, correlat-
ing with the boundary between rhombomeres 1 and 2 (Figs.
2A and 2B), whereas the anterior limit of hoxb2 expression
lies one rhombomere more posteriorly (Figs. 2D and 2E)
(Prince et al., 1998b). We also observed expression of both
genes in cranial neural crest derivatives in the second
pharyngeal arch (Fig. 2) (Prince et al., 1998b; Schilling et al.,
2001). We found that, at 30 hpf, hoxa2 is expressed at high
levels in neural crest cells that have migrated into the
second and posterior arches (Fig. 2A), whereas hoxb2 is
expressed in second arch crest, but not in the more posterior
neural crest stream (Fig. 2D). Expression of both PG2 genes
continued in the second arch crest derivatives through the
48-hpf stage (Figs. 2B–2F).
From the 36-hpf stage, expression of both hoxa2 and
hoxb2 in the second arch is subdivided into distinct dorsal
and ventral domains (Figs. 2B and 2E). These domains may
correlate with the presumptive dorsal hyosymplectic and
ventral ceratohyal cartilage primordia. Furthermore, our
careful observations of unmounted specimens at approxi-
mately the 36-hpf stage revealed that hoxa2 expression is
excluded from a small region within the dorsal domain that
may correspond to the forming hyomandibular foramen
(data not shown). At the 48-hpf stage, hoxa2 and hoxb2
continue to be expressed in dorsal and ventral subdomains
within the second arch, although both genes are expressed
at reduced levels dorsally, with hoxb2 barely detectable
(Figs. 2C and 2F). In some specimens, we observed hoxa2
expression in a few scattered cells that appeared to lie in
ectoderm of the ventral–posterior part of the first pharyn-
geal arch (Figs. 2B and 2C, asterisks). In general, the expres-
sion of zebrafish hoxa2 resembles that of Xenopus Hoxa2;
expression is maintained in Xenopus until stages just prior
to chondrogenesis, in second arch neural crest derivatives
that include the precartilagenous ceratohyal condensation
(Pasqualetti et al., 2000). Overall, our in situ hybridization
analysis revealed that both zebrafish Hox PG2 genes are
expressed in the second pharyngeal arch, and that expres-
sion persists in prechondrocytes up until at least the point
when chondrogenesis begins, at around 50 hpf (Schilling
and Kimmel, 1997).
Zebrafish Hox PG2 Genes Function Redundantly to
Pattern Second Pharyngeal Arch Cartilages
The individual pharyngeal arches of the zebrafish show
distinct morphological differences. A total of seven pharyn-
geal arches form on the ventrolateral surface of the devel-
oping zebrafish head, as revealed by Alcian dye staining of
cartilage elements in the 5-day larva (Fig. 3) (Schilling and
Kimmel, 1997). The first (mandibular) arch gives rise to the
lower jaw, the second (hyoid) arch forms jaw support
structures, and arches 3–7 (the branchial arches) form the
gill arches. The first two arches are made up of distinct
ventral and dorsal cartilage components, which show char-
acteristic sizes and shapes indicative of their unique seg-
mental identities (Fig. 3). For example, the ventral compo-
nent of the first arch, Meckel’s cartilage, is a thin, curved
element, with a process at its proximal end (the retroarticu-
lar process; Fig. 3E, arrowhead). By contrast, the ventral
component of the second arch, the ceratohyal, is thicker
than Meckel’s and bar-shaped in cross-section.
As the mouse Hoxa2 gene is required for proper second
arch patterning, we wished to investigate whether the
orthologous zebrafish hoxa2 gene is similarly required to
confer identity to second arch structures. To investigate the
function of zebrafish hoxa2, we used a morpholino-based
knock-down approach. Stabilized antisense oligonucleo-
tides (morpholinos) have recently been shown to knock-
down translation of specific genes in both Xenopus and
zebrafish (Heasman et al., 2000; Nasevicius and Ekker,
2000). Furthermore, the endothelin 1/sucker gene, which
commences expression at 16 h, has been knocked-down by
using a morpholino to phenocopy the severely defective
arch morphology of the sucker mutant (Miller and Kimmel,
2001). Thus, morpholinos introduced into developing ze-
brafish embryos during the first few cell divisions are able
to knock-down function of genes acting at the stages when
pharyngeal arches are patterned. We therefore designed
antisense morpholinos targeted to the sequences surround-
ing the translational start sites of both hoxa2 and hoxb2 in
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FIG. 3. Hox PG2 knock-down transforms second pharyngeal arch cartilages to a mirror-image copy of first arch cartilages. The pharyngeal
arch cartilages were stained with Alcian dye at the 5-day stage. In the first arch, the ventral Meckel’s cartilages (M) form the U-shaped lower
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order to investigate the functions of these genes in arch
patterning.
We confirmed that the morpholinos (MOhoxa2 and MO-
hoxb2) had the capacity to specifically block translation of
synthetic hoxa2 and hoxb2 transcripts, respectively, in an
in vitro assay. We found that, when mRNA and comple-
mentary morpholino were combined, the translation of
protein was significantly abrogated as assessed by 35S-
methionine incorporation (data not shown; see Materials
and Methods). The amount of hoxa2 protein was reduced by
72% in the presence of MOhoxa2, and the amount of hoxb2
protein was reduced by 65% in the presence of MOhoxb2.
FIG. 4. The frequency and severity of the Hox PG2 knock-down phenotype are dependent on morpholino concentration. A dose-response
curve. MOhoxa2 and MOhoxb2 were coinjected into one- to four-cell embryos at the concentrations indicated, and cartilages were analyzed
by Alcian staining at 5 days. The percentage of defective larvae indicated was based on a minimum of 28 specimens at each MO
concentration, with a mean of 45 specimens per group. Specimens with the more severe knock-down phenotype are indicated by green bars
[partial mirror-image duplication (pmid) of the first arch, with fusions between the normal first arch Meckel’s and the duplicated Meckel’s].
Specimens with the less severe knock-down phenotype are indicated by dark blue bars (partial mirror-image duplication of the first arch,
but without fusions). The total percentage of larvae showing either class of phenotype is indicated by light blue bars. Note that as MO
concentration increased, both the percentage of larvae showing a phenotype and the percentage of larvae with the more severe phenotype
increased in parallel.
jaw and articulate at their posterior ends with the dorsal palatoquadrates (pq) (schematized in blue, E). The second arch has a ventral
unpaired basihyal (bh) element in the midline and large paired ceratohyals (ch). The ventral ceratohyals articulate in turn with the small
interhyals (ih) and large, hyosymplectics (hs), which lie most dorsally (schematized in red, E). (A–C) Whole mounts in ventrolateral view.
(A) Wild-type specimen; seven arches form on the ventral surface of the head, (arches one and two are indicated). The dorsal hyosymplectics
are essentially triangular in shape and have a central (hyomandibular) foramen (arrow). (B, C) Examples injected with MOhoxa2 and
MOhoxb2, each at 5 mg/ml. (B) An example of the more severe knock-down phenotype; the ventral second arch cartilage has been
transformed to resemble first arch cartilage (arrow), and is also fused to the ventral first arch cartilage (arrowhead). (C) An example of the
less severe knock-down phenotype; the ventral second arch cartilage is transformed (arrow), but is not fused with first arch cartilage. (D–I)
Dissected and flat-mounted pharyngeal cartilages (left-hand panels) and schematic versions showing first arch cartilages in blue and second
arch cartilages in red (right-hand panels). (D) Wild-type specimen. (E) Schematic of (D); the midline basibranchials (bb) and the gill arches,
3–7, are not colored. (F–I) Examples injected with MOhoxa2 and MOhoxb2, at 5 (F) and 4 mg/ml each (H). (F) Example of the more severe
knock-down phenotype. (G) Schematic of (F). The second arch ceratohyal has been transformed to form a duplicate mirror-image copy of
Meckel’s cartilage (‘M’). The duplicated Meckel’s is fused to the normal first arch Meckel’s (fusion indicated by arrowhead). The
hyosymplectic (‘hs’) is reduced, and the hyomandibular foramen is absent. The interhyal cartilage is fused with the hyosymplectic and the
duplicated Meckel’s. The basihyal is also reduced. (H) Example of the less severe knock-down phenotype. (I) Schematic of (H). One of the
ceratohyals (top) has undergone a transformation (‘M’), but is not fused to the normal first arch Meckel’s. An ectopic retroarticular process
can be seen on this duplicated Meckel’s (arrowhead). The other ceratohyal (bottom) is both transformed and fused to the first arch Meckel’s
cartilage.
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By contrast, hoxb1a protein translation was reduced by less
than 4% in the presence of either MOhoxa2 or MOhoxb2,
confirming the specificity of the RNA:morpholino interac-
tions.
We predicted that knock-down of hoxa2 function in
embryos using MOhoxa2 would result in a mirror-image
duplication of first arch cartilage elements, similar to the
phenotype that results from knockout of mouse Hoxa2
(Gendron-Maguire et al., 1993; Rijli et al., 1993). However,
we found that microinjection of MOhoxa2 into one- to
four-cell-stage embryos at either 5 or 10 mg/ml caused no
observable defects in overall morphology or in pharyngeal
cartilage patterning at the 5-day stage (n  233). This result
suggests that, unlike the situation in mouse, the zebrafish
hoxa2 gene is not required for normal hyoid arch pattern-
ing. We similarly found that the hoxb2 morpholino had no
effect on normal second arch patterning when injected
alone into embryos at concentrations ranging from 2 to 10
mg/ml (n  354), suggesting that zebrafish hoxb2 is simi-
larly not required for second arch patterning.
Paralogous Hox genes have previously been shown to
have redundant functions. For example, mutant analysis in
mice has revealed synergistic functions of paralogue group 3
genes (Manley and Capecchi, 1997), and the Hoxa3 and
Hoxd3 coding sequences are functionally interchangeable
(Greer et al., 2000). We therefore investigated whether loss
of both zebrafish PG2 genes simultaneously could disrupt
second arch patterning. When the two PG2 morpholinos
were coinjected at equal concentrations into embryos (2–5
mg/ml each MO), we found that the resultant larvae
showed highly reproducible alterations in second arch car-
tilage structures (Fig. 3). Our results reveal that the two Hox
PG2 genes, hoxa2 and hoxb2, function redundantly to
pattern the second pharyngeal arch cartilages (similar re-
sults have been observed by C. Miller and C. Kimmel,
personal communication).
Larvae in which both hoxa2 and hoxb2 were knocked-
down (Hox PG2 knock-down) showed radical changes to the
second arch-derived ceratohyal elements (Fig. 3B, arrow).
The orientation of the ceratohyals was inverted, such that
the medial ends of the cartilages pointed posteriorly rather
than anteriorly. Furthermore, the ceratohyals were shorter
and thinner than normal, with ectopic retroarticular pro-
cesses at their proximal ends (as seen in flat-mounts; Figs.
3F–3I). The altered ceratohyals resembled Meckel’s carti-
lages, suggesting a mirror-image duplication of the ventral
first arch structures in the second arch (such that the
ceratohyal is transformed to a duplicate Meckel’s, “M”),
with a plane of symmetry at the boundary between the first
and second arches. These changes were frequently accom-
panied by fusions between the ectopic (duplicate) Meckel’s
and the endogenous (first arch) Meckel’s cartilages (Fig. 3B,
arrowhead). In addition, the dorsal elements of the second
arch, the hyosymplectics, were reduced in most cases (Figs.
3F–3I), and the hyomandibular foramina were absent. The
loss of the foramina leads to the second arch hyosymplec-
tics resembling the first arch palatoquadrates, possibly
revealing a partial transformation of dorsal second arch
cartilage to dorsal first arch cartilage fate. However, unlike
the ventral elements, we saw no indication of a mirror-
image duplication of the dorsal elements, nor of fusion to
the first arch elements. The second arch unpaired basihyal
was also variably reduced or absent (Figs. 3F–3I), and the
interhyal cartilages were sometimes fused to both the
ventral (ectopic Meckel’s) and dorsal (hyosymplectic) ele-
ments of the second arch (Figs. 3F and 3G). Other than the
fusions involving Meckel’s cartilage, the first arch elements
were completely normal in size and shape, as were the gill
arches (3–7). Our analysis of cartilage elements suggests
that knock-down of both Hox PG2 genes causes a partial
“homeotic transformation,” such that the second pharyn-
geal arch takes on aspects of first arch identity.
In some instances, we observed a less severe form of the
knock-down phenotype. The ceratohyals of these larvae had
altered size, shape, and orientation, but did not fuse with
the first arch Meckel’s cartilages (Figs. 3C and 3H; arrow-
head in Fig. 3I). We designated the two classes of phenotype
as “more severe” and “less severe” based on increase in the
percentage of specimens showing the fusion as morpholino
concentration increased (Fig. 4). Thus, not only did the
percentage of larvae showing a phenotype increase in re-
sponse to increasing concentrations of Hox PG2 morpholi-
nos, but the relative percentage of larvae with the more
severe phenotype increased in parallel. Note that, even at
the highest morpholino concentrations injected, only 84%
of injected larvae had the more severe cartilage phenotype.
This result suggested that the knock-down effect was not
entirely complete. Unfortunately, we found that attempts
to inject still higher morpholino concentrations led to
nonspecific toxicity. Nevertheless, we found that coinjec-
tion of the two morpholinos, each at 2 mg/ml, produced a
phenotype in over 50% of the injected embryos (Fig. 4). By
contrast, injection of individual morpholinos alone, at up to
10 mg/ml, caused no alterations to cartilage patterning.
Thus, our results show that the alterations to second arch
cartilage patterning are a specific consequence of knock-
down of both Hox PG2 genes: the two zebrafish PG2 genes
function redundantly to confer proper second arch pattern.
Hox PG2 Knock-Down Results in Down-
Regulation of Goosecoid Expression in the Second
Arch
Our morphological analysis of the Hox PG2 knock-down
phenotype suggested that the second pharyngeal arch had
taken on characteristics of the first arch. To confirm this
finding, we made use of an arch-specific molecular marker.
Although the zebrafish goosecoid (gsc) gene is expressed
within both the first and second arches at 48 hpf (Schulte-
Merker et al., 1994), it is almost exclusively expressed in
the second arch at 30 hpf (Figs. 5A and 5B; Miller et al.,
2000). Thus, gsc provides a useful molecular marker for the
second arch at this stage. We found that, in the majority of
Hox PG2 knock-down embryos, gsc expression was signifi-
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cantly reduced within the second arch at the 30 hpf stage
(86%, n  36; Figs. 5C and 5D), although expression
elsewhere was at normal levels. Thus, gsc expression in the
transformed second arch resembled that in the first arch.
The percentage of embryos at 30 hpf showing altered gsc
expression (86%) correlated well with the percentage of
larvae at 5 days showing the more severe cartilage pheno-
type (84%), at the same morpholino concentration. We
conclude that, in response to Hox PG2 knock-down, the
second arch takes on molecular as well as morphological
characteristics of the first arch.
General Patterning of the Hindbrain, Pharyngeal
Arch Endoderm, and Neural Crest Streams
Remains Intact following Hox PG2 Knock-Down
As the neural crest streams derive from the dorsal aspect
of the hindbrain, neural crest patterning defects could be
the result of earlier changes in hindbrain patterning. The
hindbrain is segmented into rhombomeres, and rhombo-
meric organization is important for proper control of neural
crest migration. For example, in the lazarus/pbx mutant
rhombomere, boundaries are disrupted, the neural crest
streams are fused, and pharyngeal cartilage patterning is
abnormal (Po¨pperl et al., 2000); the alterations to pharyn-
geal arch morphology may well be a consequence of the
disrupted hindbrain patterning. We therefore used a range of
markers to investigate rhombomere organization, neural
crest streaming, and organization of the pharyngeal pouches
in response to Hox PG2 knock-down.
To investigate whether segmentation in the hindbrain
was intact, we examined the expression of krox20 (Oxtoby
and Jowett, 1993); in the PG2 knock-down embryos, the
expression of krox20 appeared entirely normal (n  117;
data not shown). We also investigated the organization of
rhombomere boundaries in the hindbrain by the expression
of mariposa. This gene is expressed in cells at the rhom-
bomere boundaries (Moens et al., 1996), and its expression
in the PG2 knock-down was indistinguishable from unin-
jected control embryos (n  51; data not shown). Together,
these findings suggest that Hox PG2 knock-down does not
affect hindbrain segmentation.
To investigate whether segmentation of the pharyngeal
arches was affected by knock-down of PG2 genes, we used
the Zn-5 antibody to investigate the organization of the
pharyngeal arch endoderm (Trevarrow et al., 1990; Po¨pperl
et al., 2000). Segmentation of the endodermal pouches was
indistinguishable in normal and Hox PG2 knock-down
larvae at the 56-hpf stage (n  31; data not shown). To
determine whether cranial neural crest cell streams were
disrupted, we used the dlx2 marker, which is expressed in
three distinct streams of migrating crest cells at the 24-hpf
stage (Akimenko et al., 1994); dlx2 expression appeared
normal in the PG2 knock-down embryos (n  36, data not
shown). These results suggest that segmentation of the
pharyngeal endoderm and neural crest streaming behavior
remain intact in PG2 knock-down larvae.
We also used in situ hybridization to analyze mRNA
distribution of the Hox PG2 genes themselves in
morpholino-injected embryos. In order to investigate poten-
tial auto- or cross-regulation of these genes within the
neural crest derivatives, we analyzed expression after the
crest had migrated out into the arches. We found that hoxa2
and hoxb2 mRNA expression was indistinguishable from
normal in Hox PG2 knock-down embryos at 30–33 hpf,
both in the hindbrain and in the neural crest (n  100; data
not shown). Similarly, in the mouse Hoxb2, expression is
unaffected by Hoxa2 knockout (Rijli et al., 1993). The
unperturbed transcription of the Hox PG2 genes suggests
that these Hox proteins are not required for their own or
each other’s expression. In addition, it provides further
evidence for intact hindbrain segmentation and neural crest
streaming behavior.
Hox PG2 Knock-Down Causes Abnormal
Patterning of Second Pharyngeal Arch Musculature
Including Duplications of Dorsal First Arch
Muscles
The muscle fibers of the pharyngeal arches are derived
not from neural crest cells but from mesodermally derived
arch mesenchyme (Noden, 1983; Hatta et al., 1990; Kimmel
et al., 1990). Previous studies have suggested that these
muscles are nevertheless patterned by neural crest deriva-
tives (Noden, 1983; Schilling and Kimmel, 1997). Consis-
tent with this hypothesis, we find that the pharyngeal
muscles are reorganized in response to Hox PG2 gene
knock-down.
The muscles of the larval pharyngeal region have been
described in detail (Fig. 6) (Schilling and Kimmel, 1997).
Each arch has both dorsal and ventral muscles lying bilat-
erally, which function to open and close the jaw, and to
control gill movements during respiration; the individual
muscles have characteristic lengths, trajectories, and at-
tachment sites on the cartilage (Figs. 6A and 6B). In the Hox
PG2 knock-down larvae, we found that organization of the
second arch pharyngeal musculature was significantly al-
tered in the majority of specimens (92%, n  36; Figs.
6C–6F). These alterations were primarily confined to sec-
ond arch muscles and included changes in muscle length,
trajectory, and attachment points. Furthermore, we found
evidence of duplicated first arch muscles within the second
pharyngeal arch.
Consistent with the normal organization of first arch
cartilages in the PG2 knock-down larvae we found that the
organization of most first arch muscles was normal. How-
ever, in injected specimens, the ventral intermandibularis
posterior (imp) muscles often had ectopic fibers (e.g., Figs.
6E and 6F). In some cases, the imp muscles extended
continuously into the second arch to attach to the dupli-
cated Meckel’s cartilages at the midline (data not shown).
The dorsal dilatator operculi (do) muscles were reduced or
absent in most cases (red asterisks, Figs. 6C–6F). The
alterations we observed in first arch muscles were probably
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a response to alterations in the adjacent second arch, as they
tended to affect those muscles that insert on second arch
cartilage elements.
The second arch musculature showed far more signifi-
cant alterations in the knock-down larvae. Thus, ventral
second arch muscles, the interhyoideus (ih) and hyohyoid-
eus (hh), were shorter than normal, and the hh muscle had
an inverted orientation (Figs. 6C and 6D). The hh muscles
often extended across the midline and were continuous
within the second arch, in this respect resembling the ima
muscles of the first arch. These phenotypes were almost
always accompanied by the presence of ectopic fibers.
Furthermore, in many cases, ectopic muscles were present
in the second arch that may represent ectopic first arch-
characteristic imp muscles (Figs. 6C and 6D). Occasionally,
the second arch ih and hh muscles appeared correctly
oriented, but nevertheless had ectopic fibers (Figs. 6E and
6F, arrowhead). In some cases, the second arch muscles
were completely fused, making it difficult to distinguish
between individual muscles, or the hh or ih muscles were
completely absent (data not shown).
The dorsal second arch muscles were also significantly
altered. The dorsal adductor hyomandibulae (ah) muscle
was disrupted in most larvae (black asterisk, Figs. 6C and
6D). The adductor operculae (ao) showed altered morphol-
ogy, with a trajectory that resembled the first arch lap
muscle (Figs. 6C and 6D). In some cases, a more posterior
muscle was also present, with a trajectory resembling that
of the first arch do muscle (blue asterisk; Figs. 6C and 6D);
it should, however, be noted that it is difficult to assign any
precise identity to these muscles based on the presence of
just a few fibers. We also found an ectopic muscle in the
dorsal second arch, in a location where no muscle is
normally found, which we postulate is a duplicated first
arch-characteristic adductor mandibulae (am) muscle (Figs.
6C and 6D, black arrowhead). Overall, the alterations we
have observed to pharyngeal musculature suggest that Hox
PG2 knock-down has altered many second arch muscles, in
some cases such that they phenocopy first arch muscles.
To reveal the locations of the muscle fibers and cartilages
simultaneously, we analyzed a total of 21 Hox PG2 knock-
down larvae costained with anti-myosin antibody and Al-
cian dye (Figs. 6G–6J). Of 11 larvae with the more severe
cartilage phenotype, all had ectopic fibers and showed
FIG. 5. Goosecoid is expressed at reduced levels in the second arch of Hox PG2 knock-down embryos. Expression of gsc was analyzed by
in situ hybridization at 30 hpf; at this stage, expression is almost exclusive to the second pharygeal arch (essentially absent in the first arch).
(A, B) Ventral and lateral views of gsc expression in uninjected control embryos at 30 hpf. gsc is expressed anteriorly in the olfactory
epithelium and posteriorly in the otic vesicles (arrowheads), as well as in the second pharyngeal arch (arrows). (C, D) Ventral and lateral
views of gsc expression in two PG2 knock-down embryos at 30 hpf. (C) gsc expression is severely reduced (essentially absent) in the second
arch in this specimen. (D) gsc expression is reduced in the second arch (arrows) in this specimen. In each case, the more anterior and
posterior expression of gsc is unaffected (arrowheads).
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changes in length and orientation of the imp, ih, and hh
muscles as described above (Figs. 6I and 6J). In many cases,
the imp muscle fibers were significantly longer than nor-
mal, and extended from their usual insertion points on
Meckel’s cartilages to attach at the midline between the
transformed ceratohyals. For the 10 larvae with a less severe
cartilage phenotype (no fusions), 6/10 showed defects in
muscle patterning as described above, and the remaining
4/10 showed only ectopic fibers (data not shown). Interest-
ingly, in almost all of the PG2 knock-down larvae, the
basihyal was reduced or absent, and this correlated with the
presence of ectopic fibers and the abnormal attachment
points of the imp and ih muscles (not shown). These results
suggest that the basihyal may be important for the proper
organization of surrounding ventral first and second arch
muscles.
We also found further evidence to support our assignment
of ectopic dorsal second arch muscles as duplicated first
arch-characteristic am muscles. The ectopic muscles in-
serted onto the duplicated Meckel’s cartilage on the oppo-
site side to the location of the retroarticular process (Figs. 6I
and 6J, black arrowhead), in a manner very similar to the
insertion of the endogenous first arch am onto the first arch
Meckel’s (Figs. 6G and 6H, black arrowhead). Furthermore,
the point of origin of the ectopic muscle may be the
transformed dorsal second arch hyosymplectic (Figs. 6I and
6J), again resembling the origin point of the endogenous am
at the first arch palatoquadrate. We could not verify the
origin of the ectopic muscle unequivocally, due to our
inability to visualize tendons in these specimens. Never-
theless, the insertion site of the ectopic dorsal second arch
muscle, together with its general trajectory (dorsal/
posterior to ventral/anterior), support our hypothesis that
this muscle represents an ectopic first arch-characteristic
am muscle located within the second arch. Overall, the
alterations we have observed in muscle patterning support
FIG. 6. First arch muscles are duplicated in the second arch in response to Hox PG2 knock-down. Pharyngeal muscles were revealed by
using an anti-myosin antibody at the 5-day stage. Whole mounts are shown in ventrolateral view (left-hand panels) and schematized
(right-hand panels). (A) Wild-type larva. (B) Schematic of (A). First arch muscles are the ventral intermandibularis anterior (ima) and
intermandibularis posterior (imp) muscles, and the dorsal adductor mandibulae (am), levator arcus palatini (lap), and dilatator operculi (do).
The first arch ima muscles attach to Meckel’s cartilages and function during jaw closure. The imp muscles attach the first arch Meckel’s
cartilages to the second arch basihyal cartilage and act as jaw “openers.” The am muscles form along the palatoquadrates and insert on
Meckel’s cartilages to function as jaw closers. The lap muscles insert along the dorsolateral faces of the hyosymplectics, and the do muscles
insert along the dorsolateral faces of the opercles. The second arch muscles are the ventral interhyoideus (ih) and hyohyoideus (hh), and the
dorsal adductor hyomandibulae (ah), adductor operculae (ao), and levator operculae (not shown). The ih muscles have attachment sites on
the basihyal and the posterior end of the ceratohyals (ih are jaw openers). The hh muscles insert at the most anterior basibranchial (at the
midline) and also at the posterior ends of the ceratohyals (hh functions in jaw closure). The ah muscles attach to the dorsomedial faces of
the hyosymplectics. The ao muscles move the auditory capsules with the opercles. The sternohyoideus (sh) muscles are ventral gill arch
muscles, and the protractor pectoralis (pp) muscles are dorsal posterior muscles. Other gill arch muscles are excluded from the schematic.
(C–F) Specimens injected with MOhoxa2 and MOhoxb2 each at 5 mg/ml. (C) An example of the more severe knock-down phenotype (as
assessed by cartilage morphology under Nomarski optics). (D) Schematic of (C). The first arch ima muscle appears normal, but the first arch
imp muscles have extended ectopic muscle fibers (anterior end of double red arrowhead). The dorsal first arch am and lap muscles are
normal, but the do muscle is reduced (red asterisk). The second arch ventral ih muscles (red arrowhead) and hh muscles (red arrow) are
reduced in length, oriented laterally instead of posteriorly, and have ectopic fibers. The ectopic muscles in the ventral second arch may
represent ectopic imp muscles (above and below double red arrowhead). An ectopic muscle, which may represent a duplicated am muscle
is present in the dorsal second arch (black arrowhead). The dorsal first arch-characteristic lap muscle may also be duplicated in the second
arch (black arrow; dup. lap). The dorsal second arch ah muscle is absent (black asterisk). This specimen also has a few muscle fibers that
may represent a duplicated dorsal first arch-characteristic do muscle in the second arch (blue asterisk). More posterior muscles (sh and pp)
are indistinguishable from wild-type. (E) An example of the less severe phenotype. (F) Schematic of (E). The ventral ima is normal but the
imp muscles do not meet posteriorly at the midline (arrowhead) and have ectopic fibers. The ventral second arch ih and hh muscles have
approximately normal orientations, but have many ectopic fibers. The dorsal first arch do and second arch ah muscles are reduced (red and
black asterisks, respectively). More posterior muscles (sh, and pp) are normal. (G–J) Relationships of pharyngeal muscles to pharyngeal
cartilages were revealed with anti-myosin antibody, followed by cartilage staining with Alcian dye. Note that myosin is not expressed in
the tendon cells, which connect muscle and cartilage, thus it is not always possible to see attachments of muscles to cartilages. (G)
Wild-type larva. (H) Schematic of (G). The first arch ima muscle lies at a right angle to the midline, and terminates on Meckel’s cartilages
(m, blue), overlapping the anterior ends of the imp muscles (blue arrowhead). The bilateral first arch imp muscles connect Meckel’s
cartilages to the unpaired basihyal cartilage at the midline (bh). The second arch ih and hh muscles connect the posterior ends of the
ceratohyals (ch; muscle attachments indicated with red arrowhead) to the basihyal (bh) and midline basibranchial (not shown), respectively.
(I) Example of more severe knock-down phenotype. (J) Schematic of (I). In this example, the first arch muscles (ima and imp) have made
normal attachments to Meckel’s cartilage (blue arrowhead). The second arch muscles (ih and hh) have made approximately normal
attachments (red arrowhead) to the transformed ceratohyal (duplicated Meckel’s, in red). The duplicated am (dup. am) attaches to the
duplicated Meckel’s on the side opposite the retroarticular process (attachment point indicated by black arrowhead). The point of origin of
the duplicated am is in proximity to the transformed hyosymplectic, and may attach to this cartilage. The lap muscle may also be
duplicated in the second arch (dup. lap). Note that the duplicated am and lap muscles have a parallel orientation to the normal first arch
am and lap muscles.
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the hypothesis that the second arch has taken on aspects of
first arch identity in response to Hox PG2 knock-down.
Our results demonstrate that alterations in mesoderm-
derived second arch muscle fibers correlate with defects in
neural crest-derived cartilage elements. As we have not
detected Hox PG2 gene expression beyond the hindbrain
and neural crest, these results suggest that muscle fibers,
which derive from head mesoderm, are altered indirectly in
response to Hox PG2 knockdown. However, it should be
noted that although muscle fibers are mesoderm-derived,
the connective tissue components of the muscles (tendon
cells), and their corresponding attachment sites, are neural
crest-derived in both chick and the anuran amphibian
Bombina orientalis (Koentges and Lumsden, 1996; Olsson
et al., 2001); we assume that the zebrafish neural crest
derivatives share homology with these other species. Thus,
it is likely that alterations to zebrafish neural crest-derived
connective tissues are sufficient to lead to changes in
muscle fiber organization.
Ectopic PG2 Gene Expression Transforms First
Pharyngeal Arch Elements to Second Arch Identity
In both Xenopus and chick, ectopic Hoxa2 can cause
homeotic transformations where first pharyngeal arch
structures take on characteristics of second arch structures
(Pasqualetti et al., 2000; Grammatopoulos et al., 2000). As
we have established that zebrafish Hox PG2 genes function
redundantly to confer second arch identity, we hypoth-
esized that either gene might be able to confer second arch
identity to first arch structures. We therefore attempted to
use mRNA mis-expression to test the capacity of zebrafish
hoxa2 to confer second arch identity to the first arch. At
low concentrations (5–20 ng/l), mis-expression of hoxa2
by mRNA injection at the one- to four-cell stage caused
ectopic expression of krox20 in the developing eye (data not
shown), as previously reported in response to mis-
expression of hoxb2 (Yan et al., 1998). We did not observe
any alterations to the pharyngeal arch cartilages at these
RNA concentrations. At higher RNA concentrations, we
observed major gastrulation defects in the majority of
embryos (data not shown), such that they did not survive to
stages when arch structures have formed. These gastrula-
tion defects are presumably a result of global mis-
expression at stages earlier than the normal onset of hoxa2
expression; gastrulation phenotypes have similarly been
described in response to early mis-expression of the ze-
brafish homeobox gene otx1 (Bellipanni et al., 2000).
To achieve more localized ectopic expression of zebrafish
Hox PG2 genes, we made use of our previous finding that
mis-expression of hoxb1a causes posteriorizing homeotic
transformations of the hindbrain, such that r2, and more
anterior regions, take on properties of r4 (McClintock et al.,
2001). We injected one- to four-cell-stage embryos with
hoxb1a mRNA (at 5 ng/l) and assayed expression of PG2
genes. At the 30-hpf stage, we detected ectopic expression
of hoxa2 (88%, n  32) and hoxb2 (94%, n  33) in the
neural tube, anterior to the normal expression limits of
these genes (Figs. 7A–7D), consistent with our previous
finding that anterior structures take on r4 identity (Mc-
Clintock et al., 2001). In addition, although the first pha-
ryngeal arch is normally devoid of Hox gene expression, in
50% of hoxb1a-injected embryos, we detected ectopic ex-
pression of both hoxa2 and hoxb2 within the first arch (Figs.
7A–7D). When we injected a higher concentration of
hoxb1a mRNA (20 ng/l), we observed ectopic Hox PG2
gene expression in 100% of the specimens, with the major-
ity showing a massive anterior expansion of hoxa2 (63%,
n  89) and hoxb2 (74%, n  101) expression together with
severely reduced or abnormal heads (data not shown). Thus,
using hoxb1a mis-expression at a limited concentration (5
ng/l), we were able to direct ectopic expression of both
Hox PG2 genes to the first pharyngeal arch, without caus-
ing significant morphological abnormalities.
FIG. 7. Ectopic Hox PG2 gene expression in the first pharyngeal arch transforms the ventral first arch toward ventral second arch
character. Embryos were injected with hoxb1a mRNA at the one- to four-cell stage and analyzed for Hox PG2 gene expression at the 30-hpf
stage; lateral views with anterior to the left. (A, B) hoxa2 expression. (A) Wild-type control specimen, showing expression in the hindbrain
with an anterior limit at the r1/r2 boundary, in the second pharyngeal arch (arrowhead), and in more posterior arches. (B) hoxb1a-injected
specimen, showing ectopic expression in the midbrain (white arrowhead), ventral first arch (black arrow), and dorsal first arch (white arrow).
(C, D) hoxb2 expression. (C) Wild-type control specimen, showing expression in the hindbrain with an anterior limit at the r2/r3 boundary,
and in the second pharyngeal arch (arrowhead). (D) hoxb1a-injected specimen, showing ectopic expression in the midbrain (white
arrowhead), ventral first arch (black arrow), and dorsal first arch (white arrow). (E–J) Pharyngeal cartilage phenotypes in hoxb1a injected
embryos at 5 days. Cartilages have been dissected and flat-mounted with anterior to the left. (E) An example of a specimen with a
“segmentation” phenotype. (F) Schematic of (E) showing ventral first arch (blue) and ventral second arch (red) elements only. Note fusion
(black arrow) of the first arch Meckel’s cartilage and second arch ceratohyal in the absence of a change in shape of Meckel’s. Black
arrowhead indicates the retroarticular process of Meckel’s cartilage. (G) An example of a specimen showing transformation of the first arch
Meckel’s cartilages. (H) Schematic of (G). The Meckel’s cartilages are broader than normal, oriented laterally rather than anteroposteriorly,
and fused to the second arch ceratohyals bilaterally; they show characteristics of ceratohyals in a mirror-image configuration. An ectopic
cartilage has formed between the transformed Meckel’s cartilages, resembling the orthotopic basihyal, and extends anteriorly (black
arrowhead). The palatoquadrate and hyosymplectic are often reduced and fused (not shown). The gill cartilages are present and normal. (I)
Another example of a transformation phenotype. (J) Schematic of (I). The transformed Meckel’s cartilages are fused to the ceratohyals,
similar to the specimen in (G), but show a more obvious separation between the duplicated and orthotopic ceratohyals at the midline.
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FIG. 8. Comparison of pharyngeal cartilage morphologies in response to Hox PG2 gene loss- or gain-of-function. (A) Comparison of the
mouse Hoxa2 knockout phenotype and the zebrafish Hox PG2 knock-down phenotype. Lateral views of the left-hand side of pharyngeal
cartilage elements of mouse and zebrafish are schematized with first arch cartilages shown in blue and second arch cartilages shown in red.
The left-hand panels compare wild-type mouse with the Hoxa2 knockout phenotype (adapted from Rijli et al., 1993). The dentary (jaw) bone
is shown in outline. In mammals, some of the first and second arch cartilage elements have been incorporated into middle ear components.
First arch cartilage elements include the Meckel’s (M), malleus (ma), gonial (g), tympanic ring (t), and incus (i). The second arch cartilage
elements are the lesser horn of the hyoid (lh), the stylohyoid ligament (sl), styloid bone (sy), and the stapes (s). Mice that are null mutants
for Hoxa2 show a partial anteriorizing transformation of the second pharyngeal arch, such that normal second arch cartilage elements are
replaced by mirror-image copies of the first arch elements, and these elements are fused to adjacent first arch elements (arrowhead indicates
plane of symmetry). Second arch elements are completely absent, showing that both ventral and dorsal elements are sensitive to loss of
Hoxa2 function. The duplicated first arch elements include the dorsally located alisphenoid (not shown), incus (i2), and malleus (ma2)
cartilages, as well as the pterygoid (not shown), gonial (g*), and squamosal dermal bones (not shown). However, both the tympanic ring (t2)
and the ventrally located Meckel’s cartilage (M2) are only partially duplicated, with the most ventral part of Meckel’s, and the surrounding
dentary bone, missing from the duplicate first arch structures. The right-hand panels compare wild-type and Hox PG2 knock-down
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We used Alcian staining at the 5-day stage to investigate
whether the ectopic expression of Hox PG2 genes correlated
with changes in pharyngeal arch morphology. We found
that, in specimens injected with hoxb1a mRNA at 5 ng/l,
there were changes to the cartilage elements affecting both
the first and second pharyngeal arches (100%, n  62). In a
subclass of the specimens (40%), we observed that the first
pharyngeal arch took on characteristics of the second arch.
Thus, Meckel’s cartilage, the ventral element of the first
arch, was thicker and shorter than normal, and was often
oriented laterally, resembling the ceratohyal element of the
second arch (Figs. 7G–7J). Furthermore, the transformed
Meckel’s cartilages were frequently fused with the second
arch ceratohyal and basihyal elements (Figs. 7G–7J), essen-
tially showing a reciprocal phenotype to the Hox PG2
knock-down. Occasionally, Meckel’s cartilage was fused to
the ceratohyal along its entire length. Also, an ectopic
unpaired basihyal was present in the first arch and extended
between the transformed Meckel’s cartilages. We observed
these phenotypes both bilaterally and unilaterally, presum-
ably reflecting sporadic unequal distribution of the injected
RNA, as we have previously reported (McClintock et al.,
2001). We interpret these phenotypes as representing a
partial homeotic transformation, where the ventral first
pharyngeal arch has taken on aspects of ventral second arch
identity.
In the remaining embryos injected with 5 ng/l hoxb1a
mRNA (60%), we observed alterations to cartilage morphol-
ogy that we have classed as “segmentation phenotypes.” In
these specimens, we observed fusions of first and second
arch cartilage elements in the absence of obvious changes in
cartilage shape. For example, we observed fusions of Meck-
el’s and the ceratohyal, without any change in the shape of
Meckel’s cartilage; reductions and fusions of the dorsal first
and second arch elements were also common (Figs. 7E and
7F). Pasqualetti et al. (2000) observed similar phenotypes in
Xenopus in response to ectopic Hoxa2; they interpreted
these phenotypes as resulting from abnormal hindbrain
segmentation. Furthermore, these authors demonstrated
that the frequency of these segmentation defects decreased,
and the frequency of homeotic transformations increased,
when the onset of ectopic Hoxa2 expression was delayed
until later stages. Thus, we suggest that, in both species, the
segmentation phenotypes result from ectopic expression of
Hox genes earlier than their normal onset of expression.
Alcian staining of specimens injected with the higher
concentration of hoxb1a mRNA (20 ng/l) revealed poste-
riorizing transformations in 50% of the larvae (n  42) and
segmentation defects in only 31% of the larvae. However,
an additional 21 specimens could not be included in the
analysis as they showed delayed development and specific
reductions/absence of anterior-most head structures.
Therefore, the percentage of larvae showing the posterior-
izing transformation, as well as the severity of defects,
increased in response to increasing mRNA concentration.
Overall, the spectrum of changes resulting from mis-
expression of hoxb1a, including posteriorizing homeotic
transformations of first arch cartilages towards the pheno-
type of second arch cartilages, was very similar to those
reported in Xenopus in response to mis-expression of
Hoxa2. These findings suggested that hoxb1a mis-
expression can indirectly cause a posteriorizing transforma-
tion of first arch elements via induction of Hox PG2 genes.
To test whether ectopic Hox PG2 gene expression was
the cause of the alterations to first arch elements, we
coinjected hoxb1a mRNA (5 ng/l), together with MO-
hoxa2 (4 mg/ml) and MOhoxb2 (4 mg/ml), such that both
endogenous and ectopic Hox PG2 translation was blocked.
In only 24% of these coinjected embryos (n 63) did Alcian
staining reveal evidence of posteriorizing (14%), or segmen-
tation (10%), phenotypes of the first arch structures. By
contrast, the majority of coinjected embryos (73%) showed
knock-down phenotypes affecting the second arch (as de-
scribed above), together with normal first pharyngeal arch
structures. These findings confirm that ectopic hoxb1a
mediates its effects on first arch structures through activa-
tion of Hox PG2 genes. As our knock-down experiments
showed that the two Hox PG2 genes function redundantly
zebrafish. The first arch cartilages are Meckel’s (M) and the palatoquadrate (pq). The second arch cartilages are the ceratohyal (ch), interhyal
(ih), hyosymplectic (hs), and unpaired basihyal (bh). In the Hox PG2 knock-down, the ventral second arch elements are replaced by a
mirror-image copy of Meckel’s cartilage. The duplicated Meckel’s (dup. M) is fused to the normal first arch Meckel’s (arrowhead), similar
to the mouse Hoxa2 knockout phenotype. The basihyal (bh) is reduced or absent, and the interhyal (not shown) is often fused to the
hyosymplectic and the duplicated Meckel’s. The dorsal second arch hyosymplectic is reduced (red. hs), and the hyomandibular foramen is
absent. Thus, the altered hyosymplectic appears more similar to the palatoquadrate. However, unlike the mouse knockout phenotype, this
dorsal second arch element does not appear to undergo a mirror-image duplication. (B) The zebrafish Hox PG2 gain-of-function (GOF)
phenotype resembles the Hoxa2 (GOF) phenotype in chick and Xenopus. Ventral views of the pharyngeal cartilages are diagrammed; chick
and Xenopus schematics are based on Grammatopoulos et al. (2000) and Pasqualetti et al. (2000). In all cases, first arch elements are
replaced by duplicates of second arch elements, and the transformations appear to produce a mirror-image duplication with a plane of
symmetry lying between the first and second arches. The orthotopic second arch elements are fused to the ectopic second arch elements
in all three species. For the zebrafish, only the ventral cartilage elements are shown. In the zebrafish GOF phenotype, the first arch Meckel’s
cartilages appear to be replaced by duplicated second arch elements (dup. ch and dup. bh). In the chick GOF phenotype, first arch elements
(Ent, entoglossum) are replaced by duplicated second arch elements (bh, basihyal; cb, ceratobranchial). In the Xenopus GOF phenotype, the
first arch quadrate (Q) is replaced by a duplicated ceratohyal (dup. C). Abbreviations: cb, ceratobranchial; G, gill arch; I, infrarostral; eb,
epibranchial; bb, basibranchial.
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to pattern the second pharyngeal arch, we wished to con-
firm that they also function redundantly, when ectopically
expressed, to confer second arch identity upon first arch
structures. We therefore performed coinjection experiments
with either one of the HoxPG2 morpholinos plus hoxb1a
mRNA (at the concentrations described above), such that
ectopic expression of the other PG2 gene was retained in
the first arch. These coinjected embryos showed gain-of-
function phenotypes equivalent to those described for
hoxb1a mRNA alone (n  54; data not shown), revealing
that ectopic expression of either Hox PG2 gene in the first
pharyngeal arch is sufficient to confer second arch identity.
In conclusion, using an indirect approach to facilitate
targeted mis-expression of Hox PG2 genes, we have con-
firmed that these genes are not only necessary for identity
of second pharyngeal arch structures, but also that either
one is sufficient to confer second arch identity onto the first
pharyngeal arch.
DISCUSSION
In response to morpholino-mediated knock-down of ze-
brafish Hox PG2 genes, we have demonstrated changes in
second pharyngeal arch cartilage morphology, in expression
of the gsc gene, and in first and second pharyngeal arch
musculature. All of our data support the hypothesis that
reduction of Hox PG2 protein levels leads to a partial
homeotic transformation, such that the second pharyngeal
arch takes on aspects of first arch identity. As reduction of
levels of either zebrafish Hox PG2 protein individually has
no phenotypic consequence, we conclude that the Hox PG2
genes (hoxa2b and hoxb2a) act redundantly to confer sec-
ond pharyngeal arch identity. We have further demon-
strated that ectopic expression of either Hox PG2 gene is
sufficient to confer second arch identity upon first pharyn-
geal arch structures, confirming that hoxa2 and hoxb2 act
as “selector” genes.
The Zebrafish Hox PG2 Knock-Down Phenotype
Shares Features with the Mouse Hoxa2 Knockout
Hox PG2 knock-down leads to alterations of both carti-
lages and muscles of the second arch, such that they
phenocopy structures of the first arch. This phenotype can
be considered as a partial anteriorizing homeotic transfor-
mation, and bears many resemblances to the phenotype
described for null mutants of mouse Hoxa2 (summarized in
Fig. 8A; Rijli et al., 1993; Gendron-Maguire et al., 1993).
Thus, zebrafish Hox PG2 knock-down produces a mirror-
image duplication of Meckel’s cartilage, the ventral compo-
nent of the first arch, in the place of the second arch
ceratohyal element. The transformation is often accompa-
nied by fusions of the ectopic Meckel’s element to the
endogenous one. This major change to the ventral second
arch elements is accompanied by a more variable reduction
in the dorsal second arch hyosymplectic element, which
may also reflect a duplication of first arch elements. How-
ever, the duplicated elements are in a normal orientation
rather than forming a mirror-image, and dorsal first and
second arch elements are not fused. The more dramatic
alterations to ventral second arch elements correlate with
persistent domains of high level expression of both PG2
genes in the ventral second arch primordium. Our results
suggest that the zebrafish Hox PG2 genes are more impor-
tant for proper identity of ventral second arch cartilages
than dorsal cartilages, or that the ventral cartilages are more
sensitive to a morpholino-mediated reduction in PG2 pro-
tein levels; these two possibilities are not mutually exclu-
sive.
Goosecoid (gsc) is a homeobox gene that has a late phase
of expression in the pharyngeal arches of Xenopus, mouse,
chick, and zebrafish (Newman et al., 1997; Gaunt et al.,
1993; Grammatopoulos et al., 2000; Schulte-Merker et al.,
1994). Grammatopoulos et al. (2000) have shown that
overexpression of chick Hoxa2 leads to maintenance of gsc
expression at stages when it is normally down-regulated,
and that mis-expression of Hoxa2 leads to ectopic gsc
expression. These findings suggested that Hoxa2 is a posi-
tive regulator of gsc expression. Although no alterations in
mouse gsc expression were reported in response to Hoxa2
knock-out (Rijli et al., 1993), this may reflect analysis at a
stage when gsc expression is Hoxa2-independent. We found
that, in the zebrafish Hox PG2 knock-down, gsc expression
was significantly down-regulated in the second pharyngeal
arch at 30 hpf, such that the second arch resembled the first
arch. These results support our conclusion that the second
arch has taken on first arch identity, and also suggest that in
zebrafish, as in chick, gsc expression is positively regulated,
either directly or indirectly, by Hox PG2 genes.
We also found significant alterations to second arch
muscles in response to Hox PG2 knock-down. Some of the
changes to the ventral muscles may represent transforma-
tions toward a first arch phenotype, and all of the changes
are intimately associated with the altered morphology of
the ventral cartilages. However, in contrast to the changes
to the cartilages themselves, the alterations to the muscu-
lature rarely appear to reflect mirror-image duplications of
first arch structures in the second arch location. Similar to
our zebrafish Hox PG2 knock-down phenotype, the mouse
Hoxa2 knockout also shows alterations to second arch
musculature: seven of the eight muscles that insert onto
the second arch cartilages have abnormal attachments, and
several second arch muscles are absent (Rijli et al., 1993;
Barrow and Capecchi, 1999). The precise homologies be-
tween individual pharyngeal arch muscles in mouse and
zebrafish are difficult to determine, because of the differing
organization and number of muscles, but the array of
alterations to musculature is nevertheless similar in the
mouse Hoxa2 knockout and the zebrafish Hox PG2 knock-
down. Our results further suggest that, in zebrafish, the
normal second arch ventral muscle orientations reflect an
organizing role of the basihyal element. As the basihyal is
often reduced or absent in response to Hox PG2 knock-
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down, this may lead directly to formation of disorganized,
ectopic muscle fibers in the second arch.
We also observed transformations of the dorsal second
arch muscles such that they resembled those of the first
arch. These changes included presence of an ectopic muscle
within the second arch that showed properties of the first
arch-characteristic adductor mandibulae (am) muscle. A
similar ectopic muscle forms in the dorsal second arch of
Hoxa2 null mutant mice, although in this case, the ectopic
muscle was suggested to reflect an atavistic transformation
(Rijli et al., 1993). The alterations to zebrafish dorsal
musculature support our hypothesis that not only is the
ventral second arch transformed in Hox PG2 knock-down
specimens, but the dorsal part of the second arch is also
partially transformed toward first arch identity. Neverthe-
less, although two of the dorsal first arch muscles express
engrailed protein (lap and do; Hatta et al., 1990), our
preliminary experiments have not detected engrailed ex-
pression in the dorsal second arch muscles of Hox PG2
knock-down embryos. Thus, the transformation of dorsal
second arch musculature is incomplete, paralleling the
changes to dorsal cartilage elements.
We have established that there are common aspects to
the mouse Hoxa2 knockout and the zebrafish Hox PG2
knock-down, but there are also several obvious differences.
In the mouse Hoxa2 knockout, there is a duplication of the
squamosal dermal bone, a dorsal first arch structure, which
has no clear homologue in the zebrafish. There are also
ectopic cartilages in the knockout mice, which have been
interpreted as atavistic elements (Rijli et al., 1993); we
found no equivalent ectopic cartilage elements in the
knock-down zebrafish (although we frequently observed an
ectopic cartilaginous bridge between the duplicated Meck-
el’s and the transformed hyosymplectic). A more dramatic
difference is that, in the knockout mouse, the dorsal second
arch elements are replaced by a complete mirror-image
duplication of dorsal first arch elements, but the more
ventral second arch elements are only partially replaced. By
contrast, in the zebrafish Hox PG2 knock-down, we find a
complete mirror-image duplication of the ventral Meckel’s
cartilage in the second arch, yet an incomplete and non-
mirror-image duplication of dorsal first arch structures in
the second arch. Furthermore, the phenotypes of mouse
mutants expressing intermediate levels of Hoxa2 suggest
that mouse dorsal second arch elements are more sensitive
to reduced Hoxa2 levels than are ventral elements (Ohne-
mus et al., 2001). Conversely, as discussed above, our
findings suggest that zebrafish dorsal second arch elements
are less sensitive to reduced PG2 protein levels than are
ventral elements. This reduced sensitivity of dorsal ele-
ments may reflect the low expression levels of zebrafish
Hox PG2 genes in the dorsal part of the second arch; our
expression analysis has shown that expression is primarily
restricted to the ventral arch at later stages of development.
The most ventral structures in the murine first arch
derive from neural crest that emanates from the midbrain
(Koentges and Lumsden, 1996), and it has been suggested
that hindbrain-derived neural crest lacks the capacity to
produce these elements, explaining their absence in the
transformed second arch of Hoxa2 mutant mice. By con-
trast, we have shown that, in the zebrafish, the stream of
neural crest cells that migrates into the second arch is
capable of producing ventral first arch elements when Hox
function is removed. While the underlying reason for this
difference between mouse and zebrafish remains obscure, it
may be related to differences in the early origins of the
neural crest cells. The origins of the individual neural crest
streams have been lineage-traced in the zebrafish (Schilling
and Kimmel, 1994), and the midbrain contribution to the
first arch crest shown to be relatively minor. Furthermore,
dissimilar to the mouse, in the zebrafish, there are signifi-
cant overlaps in the regions of the neural crest primordium
that are fated to migrate out of the dorsal hindbrain to
contribute to each arch. These factors may play some role
in allowing zebrafish second arch crest cells to form a
complete duplicated ventral first arch structure in response
to Hox PG2 knock-down.
In Hoxa2 knockout mice, alterations to hindbrain pat-
terning have been documented in addition to the changes in
pharyngeal arch patterning described above. For example,
the r1/2 and r2/3 boundaries are disrupted, and r2 and r3 are
reduced in size (Gavalas et al., 1997; Davenne et al., 1999;
Barrow et al., 2000). Our analysis of hindbrain segmenta-
tion in the zebrafish PG2 knock-down has not suggested
any equivalent alterations. Ohnemus et al. (2001) have
recently demonstrated that the murine pharyngeal arches
and hindbrain require different levels of Hoxa2 for normal
patterning. Alterations to the mouse pharyngeal arches
occur when as much as 45% of the wild-type Hoxa2
transcript level is retained, whereas hindbrain patterning
remains almost normal until transcript levels are reduced
to 20% of wild-type levels. Thus, the pharyngeal arches are
significantly more sensitive to a reduction in Hoxa2 con-
centration than is the hindbrain. Our inability to find
alterations in zebrafish hindbrain patterning in response to
knock-down of Hox PG2 genes may reflect retention of low
concentrations of Hox PG2 protein in the knock-down
embryos. If zebrafish Hox PG2 protein was completely
removed, then hindbrain defects might result; this hypoth-
esis can only be tested by the generation of true genetic
nulls.
Zebrafish Hox PG2 Genes Act Redundantly as
Selectors of Second Arch Identity
Our data confirm and extend the hypothesis that Hox
genes act to confer regional identity to the pharyngeal
arches. However, we have revealed that the precise manner
in which Hox PG2 genes act to confer second arch identity
differs in the zebrafish and the mouse. In particular, we
have found that function of the two Hox PG2 genes of
zebrafish is redundant with respect to patterning of the
second pharyngeal arch. Thus, in zebrafish, either hoxa2 or
hoxb2 is sufficient to confer normal second arch pattern,
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yet in mouse, only the Hoxa2 gene is required for normal
second arch patterning (Rijli et al., 1993; Gendron-Maguire
et al., 1993).
What differences between zebrafish and mouse might
underlie the difference in Hox PG2 gene functions? One
interpretation might be that the mouse Hoxb2 gene has
undergone alterations in its coding sequence that have led
to loss of an ancestral function in second arch patterning.
Such alterations are not unprecedented, as we have recently
shown that the hoxb1b gene does not share the capacity to
allow branchiomotor neuron migration shown by its dupli-
cate hoxb1a (McClintock et al., 2002). On the other hand,
there are also examples of paralogues that have completely
interchangeable functions. For example, Greer et al. (2000)
have shown that replacement of the mouse Hoxd3 coding
sequence with the Hoxa3 coding sequence, in the normal
genomic context, has no detectable phenotypic conse-
quence. Nevertheless, individual null mutants for either
mouse Hoxa3 or Hoxd3 have phenotypes affecting com-
pletely independent structures (Condie and Capecchi, 1993;
Manley and Capecchi, 1995). Thus, the differences in the
patterning functions of these two genes must be mediated
at the level of cis-regulation, rather than by differences
between the protein, underscoring the importance of cis-
regulation of paralogous Hox genes. Thus, an alternative
explanation for the discrepancy we have demonstrated in
Hox PG2 gene function would be that mouse Hoxb2 and
zebrafish hoxb2 are expressed differently.
A careful examination of the expression profiles of the
Hoxb2 genes, together with a consideration of the develop-
mental stages at which Hox PG2 genes act to pattern
second arch structures, leads us to prefer the hypothesis of
different cis-regulation for mouse and zebrafish Hoxb2
genes. Both mouse Hoxb2 and zebrafish hoxb2 are ex-
pressed in second arch crest immediately following its
emergence from the dorsal aspect of r4 (Wilkinson et al.,
1989; Prince et al., 1998b; Yan et al., 1998). However, in the
mouse, this expression is rapidly down-regulated (Robb
Krumlauf, personal communication), and interestingly, in
the chick, no neural crest expression of Hoxb2 has been
reported (Vesque et al., 1996). Conversely, in the zebrafish,
we have shown that hoxb2 expression is maintained until
at least the 48-hpf stage, a day after neural crest cells have
arrived in the second pharyngeal arch and the stage at
which chondrogenesis commences. Furthermore, Hox PG2
gene products are able to influence arch structure at rela-
tively late stages in both chick and Xenopus: ectopic Hoxa2
expression after the crest has already arrived at its final
location within the pharyngeal arches can change first arch
morphology into a phenocopy of second arch morphology
(Pasqualetti et al., 2000; Grammatopoulos et al., 2000; Fig.
8B). We hypothesize that the rapid down-regulation of
mouse Hoxb2 expression in second arch crest cells does not
allow expression to continue for long enough for the gene
product to play a redundant role with Hoxa2. Gene swap-
ping experiments between Hoxa2 and Hoxb2, as performed
for the Hox PG3 genes (Greer et al., 2000), could test the
capacity of mouse Hoxb2 to confer second arch identity.
We have demonstrated that the zebrafish Hox PG2 genes
function redundantly to confer identity to the second pha-
ryngeal arch, whereas in the mouse, only Hoxa2 is required
for second arch identity. In the absence of loss-of-function
data from additional species, it remains unclear whether
this represents a more global difference between the two
major vertebrate lineages: the ray-finned fishes (including
zebrafish) and the lobe-finned fishes (including mouse).
Gain-of-function data have revealed that Xenopus and
chick Hoxa2 genes are sufficient for second arch patterning;
in each species, ectopic expression of the Hoxa2 gene can
transform the first arch to a phenocopy of the second arch
(the reciprocal transformation to that caused by loss-of-
function) (Pasqualetti et al., 2000; Grammatopoulos et al.,
2000). However, it is not clear that Hoxa2 is necessary for
second arch patterning in these other tetrapods; it remains
possible that Hoxa2 and Hoxb2 could act redundantly as in
the zebrafish.
The results of our morpholino-mediated knock-down
experiments, taken together with the gain-of-function data
described above from tetrapod vertebrates, predict that
gain-of-function experiments with either zebrafish hoxb2
or hoxa2 should lead to a posteriorizing transformation of
the first pharyngeal arch to a second arch phenotype.
Gain-of-function experiments have previously been re-
ported for hoxb2 (Yan et al., 1998). Yan et al. (1998) showed
that mis-expression of hoxb2 from the one-cell stage leads
to fusions of the first and second arch elements rather than
to clear homeotic transformations. Similar results were
reported for early mis-expression of Xenopus Hoxa2 (Pas-
qualetti et al., 2000), and these authors classify the pheno-
type as a “segmentation” defect that likely results from
premature expression of the Hox gene. Consistent with this
interpretation, the incidence of homeotic transformations
was dramatically increased when Xenopus Hoxa2 mis-
expression was not induced until later stages.
We find that targeted mis-expression of zebrafish Hox
PG2 genes in the first pharyngeal arch can lead to homeotic
transformation of first arch structures toward a second arch
phenotype (summarized in Fig. 8B). These experiments
made use of an indirect approach, using ectopic hoxb1a
mRNA to alter anterior hindbrain identity, such that r2 and
more anterior structures resembled r4 (McClintock et al.,
2001). In these embryos, the Hox PG2 genes were ectopi-
cally expressed in the first arch, suggesting conservation of
Hoxb2 regulation in zebrafish and mouse; in mouse, it has
been demonstrated that Hoxb1 and Pbx cofactor proteins
interact directly with the Hoxb2 regulatory elements to
activate transcription (Maconochie et al., 1997). Correlating
with the ectopic expression of Hox PG2 genes in the first
arch, we found that first pharyngeal arch cartilages re-
sembled partial mirror-image duplicates of second arch
structures. This posteriorizing transformation phenotype is
very similar to those described for chick and Xenopus in
response to ectopic Hoxa2 (Pasqualetti et al., 2000; Gram-
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matopoulos et al., 2000; summarized in Fig. 8B), and is
essentially the reciprocal of our Hox PG2 knock-down
phenotype. In these experiments, we also observed speci-
mens with phenotypes similar to those classed as “segmen-
tation” defects in Xenopus (Pasqualetti et al., 2000). We
suggest that in both zebrafish and Xenopus, premature Hox
gene expression may cause inappropriate regionalization of
the hindbrain, which in turn could lead to fusions of neural
crest streams such that subsequent fusions of cartilage
elements result.
It should be noted that we have not yet tested whether
alterations to Hox expression of neural crest cells alone, in
the absence of changes to neural tube identity, are sufficient
to cause the first arch to take on characteristics of the
second arch. Thus, it is possible that posteriorization of the
neural tube and the neural crest are both necessary to allow
these transformations. However, in chick, ectopic expres-
sion of Hoxa2 in the arches but not in the neural tube, is
sufficient to alter arch identity (Grammatopoulos et al.,
2000). We have established that the posteriorizing transfor-
mations of zebrafish first arch structures are dependent on
functional Hox PG2 protein, as coinjection of hoxb1a
mRNA with the morpholinos targeted against hoxa2 and
hoxb2 blocks the transformation. We have further demon-
strated that either hoxa2 or hoxb2 has the capacity to
repattern the first arch, as coinjection with either one of
these morpholinos individually does not prevent the trans-
formation. Although we cannot rule out activation of
additional hoxb1a target genes in the first pharyngeal arch,
we can conclude that mis-expression of either Hox PG2
gene is required to transform the first arch towards second
arch identity, consistent with our hypothesis that the Hox
PG2 genes act as selector genes.
Mirror-Image Duplications Suggest Activity of an
“Organizing Center”
Although there are differences between the mouse Hoxa2
knockout and the zebrafish PG2 knock-down phenotypes,
in each case, a partial “mirror-image” duplicate of first arch
structures forms in the second arch location. Similarly, our
gain-of-function experiments, where we have used hoxb1a
mis-expression to induce ectopic Hox PG2 gene expression
in the first arch neural crest, also lead to a mirror-image
duplication where first arch structures take on the identity
of second arch structures. Rijli et al. (1993) hypothesized
that the mirror-image duplication in mice mutant for
Hoxa2 might reflect existence of an “organizing center,”
present at or near the boundary between the first and
second arches. According to this scenario, when second
arch crest is rendered more similar to first arch crest with
respect to its Hox expression, it can come under the
influence of this organizing center. Our demonstration of
mirror-image duplications in the zebrafish suggests conser-
vation of the putative organizer between mouse and ze-
brafish.
The proposed organizer region is likely to produce one or
more secreted signaling molecules, and may resemble the
ZPA (zone of polarizing activity), which acts non-cell-
autonomously to pattern the anteroposterior axis of the
vertebrate limb bud (reviewed by Capdevila and Izpisua
Belmonte, 2001). Several secreted signaling molecules are
expressed in a localized manner within the developing
pharyngeal arches. For example, Shh is expressed in poste-
riorly restricted domains in the pharyngeal arches of both
flounder and chick (Suzuki et al., 1999; reviewed by Gra-
ham and Smith, 2001). The zebrafish shh gene is also
expressed in an appropriate location to play a role in arch
patterning, within the endodermal pouch between the first
and second arches (Miller et al., 2000). In support of a role
for Shh in arch patterning, the mouse Shh null mutant has
a range of abnormalities that include severe arch defects
(Chiang et al., 1996). Another secreted signaling molecule
that represents a candidate for conferring polarity to the
first and second arches is FGF8. In chick, the Fgf8 gene is
expressed in the anterior ectoderm of the first arch (Shige-
tani et al., 2000), and the posterior ectoderm of the second
arch (Wall and Hogan, 1995). In both chick and mouse,
FGF8 is important for determining AP polarity within the
first pharyngeal arch (Shigetani et al., 2000; Tucker et al.,
1999); it is thus possible that FGF8 plays a similar role in
conferring polarity to the second arch. In zebrafish, fgf8/
acerebellar mutants show only minor defects in pharyngeal
arch cartilage patterning (Roehl and Nusslein-Volhard,
2001); however, additional fgf genes may function redun-
dantly with fgf8 to correctly pattern the anterior arches.
Evolution of Hox PG2 Genes
Our finding of redundant function for Hox PG2 genes in
second arch patterning suggests that this is an ancestral
function of the PG2 genes. Thus, we predict that the
function of the PG2 genes in the last common ancestor of
zebrafish and mouse would be as a selector gene for second
arch identity. To test this prediction, studies on the carti-
laginous fishes and the more primitive jawless vertebrates
would be informative. Partial Hox gene organization data
are available for the cartilaginous horn shark (Kim et al.,
2000), but no Hox expression data are yet available for this
species. The lamprey is often used as a representative of the
primitive jawless vertebrates. The precise number of Hox
clusters in lamprey remains obscure, but there appear to be
at least three clusters (Pendleton et al., 1993; Sharman and
Holland, 1998). Hox PG2 gene expression data in lamprey
would be of particular interest, as the morphology of its first
pharyngeal arch derivatives differs markedly from that of
the jawed vertebrates. For example, it is possible that Hox
expression in the first arch is directly responsible for
absence of mandibular structures in this animal. This
hypothesis can be tested by analysis of lamprey Hox expres-
sion in the future.
In general, Hox gene function appears to have been very
constrained during vertebrate evolution. This presumably
reflects the requirement to confer basic pattern onto the
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shared vertebrate body plan. Nevertheless, our studies of
the tractable zebrafish have revealed that the details of how
Hox genes are used to achieve similar body plans vary
significantly between evolutionarily distant vertebrates. In
some cases, the differences in zebrafish Hox gene deploy-
ment have resulted from retention of duplicate Hox genes
in the teleost lineage (Bruce et al., 2001; McClintock et al.,
2001, 2002). However, here, we show that even when Hox
gene organization is conserved for a particular paralogue
group, it cannot be automatically assumed that details of
how the paralogues are utilized will also have been con-
served between species.
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